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TRANSIENT FIELDS PRODUCED IN HETEROGENEOUS BODIES
BY ELECTROMAGNETIC PULSES

STATEMENT OF THE PROBLEM

This effort examines the question of electromagnetic field structure
induced in heterogeneous bodies by pulse electromagnetic radiation. Of spe-
cial interest is the case of a sinusoidally varying incident field of finite
duration.

To determine the structure of induced electromagnetic fields, the problem
was modeled mathematically. The assumptions made and the resulting model are
given below. As the model is described, the nature of the media and incident
fields to be considered will be made clear.

The medium considered in this work is one dimensional and of finite depth
L. Thus, it is assumed to vary spatially only in the z direction, extending
from z=0 to 2z=L. The permittivity, e(z), and conductivity, o(z), of the
medium are piecewise continuous functions as pictured, for example, in Fig-
ure 1. By allowing € and o to be piecewise continuous, a layered medium can
be considered. Free space is assumed to exist outside of the medium, so
e(z)=e0 and o(z)=0 for 2<0 and z>L. Finally, the medium is assumed to be non-
dispersive in that the permittivity and conductivity are independent of the
induced field.

An electromagnetic wave propagating along the z-axis normal to the medium
has transverse electric field, E(z,t), satisfying

Ezz-e(z)uOEtt-o(z)uoEt=O, ~0(z2{0, =m{t{w (1)

which follows from Maxwell's equations. Here, t denotes time, Mo is the con-

stant magnetic permeability, and subscripts denote partial derivatives. The
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Figure 1. Example of permittivity and conductivity profiles
for a one-dimensional, three-layer medium.

incident electromagnetic pulse, E‘, is assumed to propagate from left to right
and first impinges on the medium at time t=0. Thus, the initial condition for
equation (1) is

E(z,t)=E1(z-ct) for t<0 (2)

where Ei(z-ct)=0 for z-ct)0 and c is the speed of light in free space. Fig-
ures 2 and 3 show what some typical incident pulses may look like.
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Figure 3. A spike incident field.




The problem considered, then, is that of determining the solution E(z,t)
of the system of equations (1) and (2) for 0<z<L, t>0 for any given E‘(z-ct),

e(2), ofz).
SOLUTION TECHNIQUE

The problem modeled above has been solved numerically by the HATS compu-
ter program (High Accuracy Temporal Solution), A detailed description of the
mathematical foundations of the numerical methods used in the program can be
found in reference 8, and preliminary results are given in references 4-7. A
brief summary of reference 8 is given in Appendix A. A description of the use
and capabilities of this program is given in Appendix B, which is a self-
contained user's manual for HATS,

Note that the numerical solution is based on exact analytical represen-
tations of the fields involved, with no recourse to low frequency approxima-
tions. The technique used has been found to be highly stable.

SAMPLE PROBLEM

As an example of the results that can be obtained via the HATS program,
consider the three-layer medium shown in Figure 4, where it is first assumed
that o(z)=0. A 1000-MHz incident field of 20-ns duration impinges on the
medium from the left at time t=0. Thus, at some time t<0 the incident field
l1ooks like that shown in Figure 5.

The resulting field inside the medium was generated by the HATS program
for the time interval t=0 to t=25 ns., Figures 6, 7, and 8 show the internal
fields as a function of time at three specific locations (z=.714 cm, 2=1.067
cm, 2=2.100 cm) in the medium. The locations z=.714 cm and z=2.100 cm (Figs.
6 and 8) were chosen because they represent in some sense the "worst case"
behavior, in that the transients at these points had the qreatest amplitude
relative to steady state amplitude of any points in the medium. Fiqure 7
(z=1.067 cm) represents the "best case" behavior in that the ratio of tran-
sient amplitude to steady amplitude was the smallest. At all points in the
medium, transient amplitude was greater than steady state amplitude.
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Figure 4. Permittivity profile for the sample problem.
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Figure 5. Incident field for the sample problem.
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Now consider a medium with permittivity profile given in Figure 5 and
conductivity profile given in Figure 9. The fields at z=.714 cm, z=1.067 cm,
2=2.100 cm (Figs. 10-12) fairly accurately give worst and best behavior.
Again, transient amplitude was everywhere greater than steady amplitude,
although the effect of nonzero conductivity reduces the ratio of transient to
steady amplitude.

G (2)
* (rnqu/nn)

1.0

o.5

0.1

Figure 9. Conductivity profile for the sample problem.

Additional information regarding these plots (how the specific values of
z were chosen, views of the entire field in the medium at particular times,
etc.) and a detailed discussion of how they were obtained are given in Appen-
dix B. The problem studied in this section is only a sample problem; any per-
mittivity and conductivity profiles and incident field can be input into the
HATS program, modulo the restrictions called out in Appendix B.
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CONCLUSIONS

Use of the HATS computer program has shown that relatively large ampli- 1

tude transients can occur in a medium when a transient signal, such as that

( from a phased array system, impinges on the medium. Although the model used

to determine this is a fairly simple one, the pattern shown here should extend

to more realistic situations. Nonetheless, further work is needed to defi-

nitely establish the presence and magnitude of these transients for other

geometries and for the important case of a frequency dependent medium, such as
human tissue.
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APPENDIX A. OUTLINE OF SOLUTION TECHNIQUE

The problem considered in this work is modeled by

Ezz-e(z)uoEtt-o(z)uoEt=0, —0{Z{m, —o{t{=, (A.1)

It is assumed that €(z) and o{z) arre given and that e(z)=eo, a(z)=0 for <0
and 2>L. Finally, the solutionh of equation (A.l1) is given by

E(z,t)=E (z-ct) 1 <0 (A.2)

where E'(z-ct)=0 for z.ct>0. The solution of the initial value problem
(A.1, A.2) must be found for 0<z<L and t>0.

To facilitate the numerical solution of equation (A.1), the transforma-
tions

xex(2)=(f (e (shu_}1ds) /e (A.3)
t=t/¢ (A.4)
u(x,t)=E(z,t) (A.5)

are used to convert equation (A.1) to

uxx-uTT+A(x)ux+B(x)uT=O, ~0{x{w, -1 (A.6)

19




-4

A(x)=-tS{e (2)u

B(x)=-20(z)/e(2)

and ¢ is such that x(L)=1. In terms of this transformed problem, the solution
u(x,t) of equation (A.6) must be found for 0<x<1, t>0 given that

u(x,1)=u’ (x-1) for 1<0 (A.7)

where u‘(T)=E1(CQT).

The advantage of the change of variables (A.3)-(A.5) is that the charac-
teristics of equation (A.6) are straight lines. On the other hand, while the
solution E of equation (A.1) has continuous first derivatives, the solution u
of equation (A.6) has discontinuities in its x derivative. To see this,
assume that e(z) is discontinuous at the points 2=z, i=0, 1, ..., NL where
0=ZO<ZI<ZZ<"°<ZNL=L' Let xi=x(zi) for i=0, 1, ..., NL. Then the change of
variable (A.3) implies that

ciux(xi+, r)=ux(xi-, 1) (A.8)
for i=0, 1, ..., NL where

¢, fe(z4) re( 2,0}

One technique for solving the problem (A.6)-(A.8) is by using finite dif-
ferences [1]. However, in using an explicit differencing scheme on this prob-
lem, roundoff error accumulated quickly and prevented accurate solutions for
incident pulses of realistic duration. An alternate approach is to use the
time-domain integral equation technique of Bolomey et al. [3] with suitable
modifications to take into account the finite depth of the medium. However,

20




this technique proved to be susceptible to numerical dispersion in that trun-
cation error propagates through the solution at nonphysical speeds, causing
i spreading of the fields. Again, for pulses of realistic duration, this cre-
ates highly unreliable solutions.

; The above two solution techniques are based on the familiar space-time
: diagram shown in Fiqgure A-1, which displays the fact that the solution u at
% the point (x,t) depends on the solution in a certain interval (the domain of
é ) dependence) on the x-axis determined by the characteristic lines emanating
: from (x,t). Note, however, that an equally valid solution technique is
afforded through the space-time diagram of Figure A-2. To understand the data ’
required for the formulation of the problem suqgested by Figure A-2, note that
the incident electromagnetic field Ei(z-ct) gives rise to a transmitted field
Et(z-ct) for z>L. In the transformed problem (A.6)-{A.8), the incident plane
wave ui(r)=Ei(czr) produces a transmitted plane wave ut(x-r) where ut(r)
=Et(L~c1+c£1) and ui(r)=ut(r)=0 for >0, Since u(l,r)-ut(l-r), it follows
that the data required for the formulation of the problem shown in Figqure A-2

is o (t) for <0, The advantage of this formulation over that suqgested by i
Figure A-1 is that exact analytical expressions exist for the solution u{x,t)

t

in terms of the data u~ and these expressions give rise to highly accurate

numerical schemes.

Pursuing the approach suggested by Figure A-2, it is first necessary to
determine the transmitted field ut corresponding to a given incident field u'.
In reference 5 these fields are shown to be related by the equation

, NL
u'(r)=22 w.ut(1+r.)+f0w(r-s)ut(s)ds, 1<0. (A.9)
| o1 9 i

i% ’ The constants wj and rj are known and are determined by the properties of the
}'-.

medium (formulas are given in reference 5). The kernel function, W, also
depends only on the properties of the medium and is independent of the fields

21
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Figure A.1, Space-time diagram showing domain of dependence along line t1=0.
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Figure A,2. Space-time diagram showing domain of dependence along line x=1.




Assuming for the moment that W is known, equation (A.9) is a delay
Volterra integral equation for ut. Thus, it is equivalent to a Volterra inte-
gral equation of the second kind (as shown in reference 6), so stable numeri-
cal techniques for solving equation (A.9) for ut are available (see refer-
ence 2). Consequently, the data required for the formulation in Figure A-2

can be considered known.

Reference 8 shows that for any x in the interval [XNL-I‘ 1] and for any
1, the solution u(x,t) of equation (A.6) is given by

2u(x,r)=exp{1/2f;(A(s)-B(s))ds}{(cNL+l)ut(x-r)

-(cNL-l)ut(Z-x-r)exp{le(s)ds}
X

+Ii-xut(y-r)N(x.y.1.)dy}. (A.10)

Here, N(x,y,1) is the solution of the characteristic initia) value problem

Nxx-Nyv+B(x)(Nx+Ny)+D+(x)N=0, X1 8%<xy =1 (A.11)
2N(x,x,l)=cNLB(l)-A(l)-(cNL+l)I;n+(s)ds, (A.12)
2N(x,2-x,1)=(cNLB(1)-A(1)+(cNL~l)I;D_(s)ds) exp{le(s)ds} (AR.13)
X
where
A(1)=A(1-), B(1)=B(1-)
and

0,=1/4(B>-A%)+1/2(-A"+8")
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The problem (A.11)-(A.13) can be easily solved numerically by the method
of characteristics [1]. Thus, u(x,t) can be determined from equation (A.10)
for any x in [XNL-I’ 1] by means of a simple quadrature. To determine
u(x,t) for x in [XNL-Z s XNL-1 ], reference 8 shows that a system of formulas
analogous to equations (A.10)-(A.13) utilizes the data “(XNL-I’ 1). Continuing
in this manner, quadrature formulas can be used to determine u(x,t) for any x
in the interval [0,1]. In the program HATS, the trapezoidal rule is used to
perform these quadratures,

The remaining point to be considered is determination of the kernel func-
tion, W, which appears in equation (A.9). If the transmitted field is a DNirac
delta function,

ut(1)=5(x) (A.14)

then, according to equation (A.9), the "incident field" that would generate
such a transmitted field is the kernel W, modulo delta function sinqulari-
ties. But if the transmitted field is assumed to be given by equation (A.14),
then the technique outlined above enables one to determine the corresponding
field u(0,t) for all 7. From this it is possible to separate out the incident
field that generates (A.14) and hence obtain W. Again, details are given in
reference 8.
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I. INTRODUCTION

The following general description is meant to be a user's guide to the
program HATS (High Accuracy Temporal Solution) and does not dwell on mathe-
matical details other than what is needed to properly use the program.

Briefly stated, this program allows a user to cause an incident plane
electromagnetic wave to impinge normally on a medium of finite depth and to
determine the resulting scattered and internal fields. The medium is assumed
to be one-dimensional (i.e., stratified in the z direction) and “1inear" in
that its permittivity, e(z), and conductivity, o(z), are independent of fre-
quency. Free space is assumed to exist on either side of the medium. The
functions e(z) and o(z) are to be piecewise continuously differentiable and,
hence, may have jump discontinuities. If a layer is defined to be an interval
in the medium on which ¢ and o are continuously differentiable, then the pro-
gram HATS is capable of handling a five-layer medium. A two-layer medium is
pictured in Figure B-1.

The incident field can be of any form the user desires with the following
two provisions:

1. The incident field must be a continuous function.

2. The incident field does not contact the medium with time t=0,
Thus, transient as well as steady state fields can be determined by
this program.

See Fiqure B-2 for a picture of some typical incident fields.

Details regarding proper input into the proqgram and form of the output
will be given in the following sections.
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Figure B-1.
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Permittivity and conductivity profiles for a two-layer medium.
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Figqure B-2. Some typical incident fields, E‘(g - t), where ¢ is the speed of
Tight in free space,
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II. INPUTTING € AND o

The program presumes that a Liouville transform has been made on the
spatial variable z and that a normalization has been performed on the time
variable t. Therefore, a certain amount of massaqging must be done before data
and functions are put into the program, and some interpretation of the program
results is necessary. All data are initially expressed in rationalized MKS
units.

Consider a medium of NL layers, where 1<NL<5. Layer i extends from
2=2; 4 to z=z,, where zo=0 and zNL=L. Assume that the permittivity and con-
ductivity are given on layer i by the functions ei(z) and °i(z)’ z; <2<z,

and let

e(z)=e;(z) for z;_,<a<zy, i=1, +oe, NL.

The Liouville transform

xex(2)(/ e (s, } as) (R.1)

where

t=f {e(s)u,}as

and the normalization
t=t/2

is used to produce a problem in (x,t) coordinates in which the velocity of
propagation is unity.

In the (x,t) coordinate system the scattering medium extends from x=0 to
x=1 and is again divided into NL layers. Properties of each of these layers
(in terms of the x variable) are put into the program as function statements
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appearing in subroutine EVAL. For each layer, four functions must be speci-
fied. For layer I (1<IKNL) these functions are

d -4
A == ,
I(x) za;{el(z)uo} . <z<zI

I-1

AtP(x)= L ar(x)
dx

BI(x)=-laI(z)/eI(z), z; <2<z

BIP(x)= L BI(x).
dx

These functions are to be entered in the appropriate lines in subroutine
EVAL. If NL is less than five, the statement functions which appear in EVAL

for layers NL+1, +-+, 5 are not used. These unused statements may be left in
the program,

As an example of how to determine these input functions, let NL=2, Zo=0’
zl=.01 m, 22=.03 m, and

el(z)=els0

ez(z)=ezeo

al(z)=sl mho/m

oz(z)=s2 mho/m

where e e,, S, s, are constants and €0 is the permittivity of free space,
- 2
€,=8.854:10" " coul/m’.

Then
.01 3 .03 }
t-!o {e equylds + I.OI{ezeouol ds

-(0.01/3; + 0.02/3;)/c




where ¢ is the speed of light in free space. It follows that for 0¢z<0.01 m,

x=x(z)=(2/e )/ (sc)

and for 0.01<z<0,03,

x-x(z)=(0.01/3:+(z-0.01)/E;]/(zc).

Thus,

Al(x)=0
A1P(x)=0
Bl(x)=-zsl/(ele0)

B1P(x)=0

A2(x)=0

A2P(x)=0
B2(x)=-1s,/(e,¢e;)
B2P(x)=0.

As another example, consider a one-layer medium of depth 1 m (i.e., Zo=0’
21=1) with

e(z)=9(z+2)zeo, 0<z<1

o(2)=(10-(z+1)%)+10"° mho/m, 0<z<1.

Then

1
2= g]o(s+2)ds=15/2c,

x=x(z)=(z2+4z)/5




and

z=2(x)=-2/3+Bx,

It follows that

AL(x)=2.5/(2+2)2=2.5/(A+5x)
A1P(x)=-12.5/(4+5x)>
B1(x)=-10"" (5+5x-2/F¥5x]/( 6ce . [4+5x})
- 572
BIP(x)=-510"" (4+6x-/A¥Bx]/(6ce {4+6x} ).
For more general permittivity profiles, it may be necessary to solve

equation (B.1) numerically for x as a function of z using, say, Newton's
method. More will be said about this in Section VI, §

III. INPUTTING THE INCIDENT WAVE
The “time" variable t used in HATS has been normalized by setting
=t/

and hence, v is a dimensionless quantity. Thus, if the incident field is
Ei(-t), t>0, then the corresponding incident field UINC to be used in the pro-
gram is

VINC(-t)=E (-2), ©>0

or

UINC(1)=E1(tl), <N,
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For example, consider an incident sinusoidal wave train of frequency f. Then
E'(-t)=sin(2nft), t>0.

It is assumed that Ei(-t)so for t<0.) The incident field to be used in the
program is

UINC(t)=sin(-2nfet), 1<0. ?

i This function is to be inserted into the subroutine INCWAV. Depending on the
‘ complexity of the incident field, a single function statement may not suffice

| to define the incident wave. This calls for an obvious modification of the
R subroutine. See the source listing in Section IX for an example of such a
modification. In that example, a wave train of frequency f and of finite
duration is generated.

IV. OTHER INPUT DATA

In addition to the function statements that must be written into the pro-
gram, certain constants are to be read in as data.

Line 1: N, NL, IFRQ, ITM, ISCAT, I0PT
Format: (615)

N: number of subintervals to be used in the x interval [0,1]. Since
HATS solves partial differential equations and integral equations
numerically, the x interval [0,1] is split into N equal subinter-
vals to establish a mesh of grid points. Thus, H=1/N is the step
| size used in most of the calculations. To reduce the effects of
i' roundoff error, it is suggested (but not necessary) that N be a
| power of 2, say N=16, 32, 64, or 128, N must be an even integer

not exceeding 128. Generally, the Targer N is, the more accurate
the program results, but this is at the expense of increased com-
putation,
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NL: number of layers in the medium. NL must be at least 1 and no greater
than 5,

IFRQ: frequency of observation of the internal field. In addition to using
a "spatial" (x) step size of H, HATS also uses a “temporal” (1)

step size of H. The internal field will be output at t intervals
of

At=2H<IFRQ;
j.e., at time intervals of
At=2H+IFRQ-2,
ITM: maximum “"time" to be considered. ITM is the maximum number of =
intervals of length 24 to be used in the program; i.e., the
maximum time t considered will be

t=2HeITMeg,

ITM must not exceed 2000 and should be an integral multiple of
IFRQ.

ISCAT: output option. If ISCAT=1, the incident, reflected, and transmitted
fields (i.e., field transmitted out the right-hand edge of the
medium) will be printed out for =0, 2H, 4H, <++, 2H-ITM. If
ISCAT=0, this printout is omitted.

IOPT: output option. If 10PT=0, the field within the medium will be
printed out at the (1+N/2) grid points, x-0, 2H, 4H, <+o, 1 for
values of t given by

t=2H+IFRQ, 4H+IFRQ, 6H+IFRQ, +--, 2H-ITM.

If 10PT=1, the field will be printed out for selected grid points
(to be supplied later) at the above-mentfoned t values.
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Line 2: X(1), X(2), *<+, X(6)
Format: (615)

Assuming that layer i extends from z=z; 4 to z=1,, the Liouville
transform (B.1) implies that in the x variable this layer extends :

from x;_; to x;, where

z; s 1
x1.=([0 {e(s)uy} ds)/e, i=0, 1, <o, NL.

The quantities X(i) are defined by

X(1)=x;_, /M.

Notice that X{1)=0 and X(NL+1)=N. The X(i)'s are to be even
integers satisfying

X(i)-X(1-1)<32, i=2,3, eo, NL+1.

If the medium has fewer than five layers, the values assigned to
X(NL+2), e+, X(6) are immaterial. H

Line 3: C(1), C(2), ++-, C(6)
Format: (6E12.5)

If the permittivity in layer i is given by Ei(z)’ then

o

C(i)={e‘i(Zi+)/e’i-l(zi-)}* (8.2)

where, as usual, the zi's denote the boundaries of the layers,
For i=1, (B.2) is replaced by




c(1)={e (0+) /e, }}

and for f=NL+1, ﬁ
i
C(NL+1)={e0/eNL(L-)} .

Again, if there are fewer than five layers, the values assigned to
C(NL+2), +++, C(6) are immaterial.
The following data must also be supplied if 10PT=1,
Line 4: NOBPTS

Format: (I5)

If it is desired to determine the internal field only at selected

spatial grid points, then NOBPTS is the number of points in the «x

interval [0,1] at which the field should be determined. ¢
Line 5: IX

Format: (I5)

IX is an integer specifying the position of the first grid point
at which the field should be determined. It is defined by

IX=x/H

where x is the point where the solution is desired. IX must be an
even integer, OSIXKN.

Line 6: 1IX
Format: (15)

This specifies the position of the second point of observation.
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This same input is continued until all NOBPTS positions have been speci-
fied.

V. OUTPUT
HATS automatically prints out the input data from lines 1, 2, and 3.
1f ISCAT=1, the incident, reflected, and transmitted fields are printed
next. The incident field is printed first in (1X,8E10.3) format for as many
lines as is necessary to print the entire field. The array being printed out
is
UI(J), J=1, 2, <o, [TM+]

where

UI(J)=UINC(-2(J-1)H)

=61 (-2(J-1)H2)

The reflected field is printed next, using the same format. The array
being printed here is

UR(J)=E" (2(J-1)He), J=1, 2, e«o, ITM+1.

Finally the transmitted field is printed where

UT(I)=EL(-2(J-1)He), J=1, 2, «ee, ITM+l.
The remaining output depends on the value of IOPT. If IOPT=0, the next
line of output is an integer IT (in I10 format) followed by an array of

(1+N/2) numbers in (1X,8£10.3) format. The array being printed out is

U(J)=u(2(J-1)H, 2-1T+H).
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In other words, the field throughout the width of the medium is being printed
for time 1=2.IT«H. To relate this to the physical field E, note that

E(z,t)=u(x,1)

where, if xi-lixﬁxi'

X y 3
z=z; (+(2f  exp{-["  A(s)ds}dy)/(e;(z;_;+]u;)
X. X,
j-1 i-1
t=t2
and
A(s)=A;(s) for Xi_ 1$58X ;.
This printout is continued for all values of IT given by |

IT=1FTQ, 2+IFRQ, <++, ITM,

On the other hand, if I0PT=1, then the next line of output is an integer
IX (in 110 format) followed by an array of 1+(ITM-(IX/2))/IFRQ numbers in
(1x,8310.3) format. The array being printed is

U(J)=u(IXeH, 2(IFRQ-(J-1)+IX/2)H).
In other words, the field at position x=IX<H is being printed at t inter-
vals of 2HsIFRQ starting from t=IXeH, This printout is continued for alil

NOBPTS values of IX specified by the user in the input data.

Finally, the message FINISHED is printed to indicate that the program has
finished execution in a normal fashion,

In general, deducing any reasonable conclusion by looking at the printed
output will be a formidable task. The user will probably find it much more




meaningful to plot the data, using, for example, a CALCOMP plotting routine.
For this, a two-step process is suggested.

1. Run HATS, having the output transferred to a disk file.
2. Run the plotting routine, reading data from the disk file.

is output from HATS via the subroutine

To facilitate step 1, all data
PRNT. The comment statements in the subroutine are self-explanatory, indicat-
ing which blocks of code are used to output the various data. In addition,
the commented write statements can be used to send a streamlined form of the
output to a disk file., The user should note the format used so that the data
is later read properly from the disk file., Also note that output device 8

needs to be defined via JCL.

An example of a plotting routine has been listed in Section X. The
actual calls made to the graphing subroutines will have to be replaced with
calls utilizing software at USAFSAM,

VI. PRECAUTIONS, TRICKS, AND GENERAL OBSERVATIONS

As with all numerical solutions, HATS is not infallible. Continuous but
wildly varying conductivity and permittivity profiles within a layer will gen-
% erally cause inaccurate solutions to be calculated. Also, if the conductivity
‘ is excessively large, the numerical solution of the partial differential equa-
tions will again prove unreliable., In this case internal and scattered fields
will generally start to grow with time, so it will quickly become apparent to
the user that the results are in error.

One method for trying to handle large conductivities or wildly varying
conductivities and/or permittivities is to decrease step size H (i.e.,
Since this will generally cause the restriction

increase N).

X()-X(1-1)<32

to be violated, the following example shows how HATS can be “"tricked."
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Consider a two-layer medium and suppose N=32, with X(1)=0, X(2)=12,
X(3)=32. If a smaller step size is needed and N should he 64, this will place
the boundaries of the layers at X(1)=0, X(2)=24, X(3)=64; consequently

X(3)-X(2)=40>32.

To circumvent this problem, define the medium to consist of three layers
instead of two, with boundaries, for example, at X{(1)=0, X(2)=24, X(3)=44,
X(4)=64. The function statements for A3(x), A3P(x), B3(x), R3P(x) will be
exactly the same as those for layer 2. Further, C(1) and C(2) will be as in
the N=32 case, and C(4) will have the value that C(3) has in the N=32 case.
Finally, to indicate that there is indeed no discontinuity at X(3), set
€(3)=1.0.

If N needs to be increased beyond 128, consult the last portion of this
Section.

If a large step size (small N) is used, then detail in the solution is
lost and some accuracy in the solution values calculated will generally be
lost. On the other hand, fewer calculations will be performed within the pro-
gram and the solution can be monitored over a longer period of time since the
maximum value of t© is ITM-2H.

Extending the Maximum Time

If necessary, values of ITM greater than 2000 can be considered rela-
tively easily, at the expense of increased storage. It suffices to increase
the dimension of the arrays

vV, BUFF, UL, U, UR

which appear in COMMON statements. Let ITMl=ITM+1, The new dimensions for
the above-mentioned arrays are to be

V(5,1TM1,2), BUFF(200+1TM1), UI(ITM1), U(ITM1), UR(ITM1).
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Incidentally, if there are fewer than five layers, storage can be reduced by
changing the 5 in V(5,1TM1,2) to the actual number of layers. (In subroutine
FIELD there is an array UT(2001) that contains the transmitted field. The
dimension of this array need not be increased since UT is equivalenced to
BUFF).

Increasing the Number of Intervals Allowed

If a value of NL qgreater than 5 is desired, it is necessary to

1. Change the dimension of all arrays in COMMON statements from § to the
new value of NL (i.e., wherever a 5 appears, it should be replaced
by NL).

2. Change the appropriate READ statements in the main program and WRITE
statements in subroutine PRNT.

Decreasing the Step Size

If a value of N greater than 128 must be considered, it is necessary to

1. Change the dimension of all arrays appearing in COMMON statements
from 129 to N+1,

2. Change the dimension of BUFF to N+1TM+3,

3. Change the EQUIVALENCE statement at the beqinning of subroutine FIELD
to

; EQUIVALENCE (BUFF(N+2), UT(1)).

e
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Numerical Solution of Equation (B.1)

For some permittivity profiles the Liouville transform (B.1) will need to
be solved numerically for z as a function of x. This requires two new arrays
to be generated, Z(I) and ZH(I), I=1, 2, ««¢, N, where

(1) 3
(1-1)H=Uo {e(s)u,} ds)/e

H(1) 3
(1-.8)H=(f  {e(s)uy} ds)/e

and Z(N+1)=L. The above equations are readily solved via Newton's method.
Since the functions AI, AIP, BI, BIP in subroutine EVAL cannot be ex-

pressed in terms of the x variable, they must now be written as functions of
Z,

g9 -4
Al(z)--za;{e I(z)uo} y 2 <z<zI

I-1
_d dx
AIP(Z)-(d—zAI(Z))/(-&;)

BI(z)=-zaI(z)/eI(z), 7 <2<z

BIP(2)=(z§;81(2))/{eI(Z)uo}*~

Finally, in subroutine EVAL the statements

XR=(1-1)*H
XR=(1-.5)*H

should be replaced with

XR=Z(1)
XR=ZH(1)

S




XR=(X(J)+1-1)*H
XR={X{J)+1-.5)*H

should be replaced with

XR=Z(NPTL(J-1)+I1-1)
YR=ZH(NPTL(J-1)+1-1).

respectively, and the remaining eight statements of the form
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VII. SOURCE LISTING OF HATS

le C-o-ooooo..MAlN PROGRAM

2 INTEGER x

Ce CC MMON 7BLICKL/MeNL o NTGP JNPTLIS) o IFRGe [TM IT. ISCAT..IOPY

“o COMMON /3LJCK2/A(33’-B(33).AP(33)'BP(33)ODT(33)oAﬂ(33)'BN(BJJo
Se 1 APH(33) +3PH(3Z) ¢ITH(Z3I) sAl(33)+81(33).0T1(33).

6o 2 DP(33)+EBI(33)eAR(S)JALI(S) +BR(S5)+BL(S)

Te COMMGN /dLOCKJ/X(O).C(b)oDP[(33).0’5!(33)05‘*3(5033)v:A’B(:chlo
Se 1 QLLOD(33 )+ QONEW(II) o+ XP(Se129) e XM( 50129V o YP(Se 12V ) »
Fe 2 YM(S5+129) o XPC(S) e XMC(5) 4 YPC(5),YMC(5) APBI(S),
10e . 3 AMBLI(S) «P(5:2033:33)

11e COMMON /SLOCK‘/JV(SOlG)-J.(solb)OSV(SQIO)QS'(5016'OV(SOZOQIQZ)' {
12. 1 W(5:12962)eV5(129+:2)eW5(129,2)

13. CCMMCN /BLOCKS/BUFF(2201),Ul1(2001),U(2001),UR(2003)

16. READ (5,2000) Ne NLe [FRUe ITMs ISCAT. I0PT, (X(1)el = 1.0)

15 READ (5,3000) (C(I)el = 1,6)

16 NTGP = N + |

17 H = 1,0 /7 N

18. CALL PRNT(}1)

19 CALL KERNEL

20. CALL DELTA

21 CALL INCwav
22 CALL FIELD

23 CALL PRNT(6)

24. sTop ]
2Se 2000 FURMAT (615+/4615) '
25 3000 FORMAT (6E12.5) ;
27 END

le SUBRCUTINE EVAL(LAYER,ICK)

2e Cevcccceee s INSERT FUNCTIGN STATEMENTS FOR SACH LAYER

3. Al(X) = Q.0 + Q0. = X

“e dl1(X) ® Je0 + (a = X

5, AlP(X) = 0ed + 0o = x

Se 31IP(X) = 060 ¢ 2, * X

7e A2{X) = 040 + 0. = X

Se B82(X) = 0,0 ¢ 0o ¢ X

e A2P(X) = Q060 + Q0o * X
10« 32P(X) = 0ed + 0. & X L
11l A3(X) = 0.0 + 0e * X

12 33(X) = 0,0 + 0o = X

13. A3P(X) = 0e0 + Ve & X

146 BIP(X) = 060 + 0o = X
15 AG(X) = 0,0 + 0. = X
16 34(X) = 060 ¢+ 04 & X

17 AGP(X) = 0a0 ¢+ Q0 * X

18« BAP(X) = 060 ¢ 0, * X

19 AS(X) = 0.0 ¢ 0. * X
20« 35(X) = 00 ¢+ 00 & X
21 ASP{X) = 0«0 ¢+ J¢ ®* X
a2e. BSP(X) = 040 + 0. & X
23. Coeccnccecee
2a. INTEGER X

25. COMMON /BLOCKL/ZHoNL «NTGP s NPTLIS) s IFRQe ITN,IT+ISCATI0PT
26. COMMON /BLOCK2/7A(33)B(33) +AP(3I3)vB8P(I3)OT(33)eAN(3II) +BM(33)
27, 1 APH(33) e BPHN(II) OTM(ZI) AL (3I) vBICII)DTIII)
28. 2 DPI33)+EBI(IB)sAR(SIvALIB)oBR(GIsBLLS)
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29 COMMON /7BLACKI/X(6)+CL0)eDPIL3II)+DPBI(3I3)EAMB(5e33)EAPB(S5¢33),
30. 1 QOLD(33)+ONEW(33) e XP(50129) e XM(S5¢129) ¢ YP(5.12G) s
31. 2 YM(Se129) o XPCIS) e XMC(S) o YPCIS) s YMC(S) sAPBL1(5) »
32. 3 AMBI(S) eP(5:2¢33,33)
33. HS = H / 6.
34, NP1 = NPTLILAYER)
35. IF (ICKeEQe2) G0 TO 70
36. IF (LAYER - 2) 10, 20, 30
37. 10 DO 15 I = 1y NP}
] 38. XR =2 (I ~ le) & ™
39, A(I) = AL{XR)
40, 8(1) = Bl(XR)
ale AP (1) = ALIP(XR)
82, BR(1) = BIP(XR)
L4 43, DTI(1) = (B(]) s 2 = A(]l) =% 2) / 4.0
% 44 XR = (1 - «5) &= H
: a5, AM(I) = Al(XR)
46e BH(l) = BI1(XR)
ar. APH{I) = A1P(XR)
a8, BPH(1) = BlP(XR)
a9, DYH(I) = (BH(I) *¢ 2 = AM(]I) ®% 2) / 40
S0 15 CONTINUE
Sle GC TO 67
S2e 20 0OC 25 I = 1L+ NPL
S3a XR = (xX{(2) + 1 - le) & M :
S4. A(LI) = A2(XR) !
§5. 8(1l) = B2(XR) !
50 AP(I) = A2P(XR)
57« BP(1) = B2P(XR)
€3, OT(1) = (B(l) &% 2 =« A(]l) =% 2) / 449 ‘
53, Xk = (X(2) + ] = «5) & H
60. AM(]I) = A2(XR)
61 e 3M(Ll) = 32(XR)
62 APH(1) = A2P(XR)
653 3PH(1) = 32P(XR)
Y DTH(I) = (BH(I) ®% 2 ~ AH(]1) =3 2) / &4eD
€5 25 CONTINUE
CHe GD TC 67
657 30 IF (LAYER - 3} 40e 50, 600
68 40 DO 45 I = 1, NP1
69 XR = (X{3) + I - le) & H
70 A(lL) = A3(XR}
71 8(1) = B83(XR)
72 ARP(1) = A3P(XR)
. 73 BP(I) = 83P({XR)
; 74, DTC(I) = (B(I) =% 2 ~ A(I) *% 2) / 440
: 75. XK = (X{3) + 1 = «5) &= H
g 760 AM(I) = A3(XR)
77 Br(l) = B83(XR)
78, APH(1) = A3P(XR)
79, B8PH(1) = B3P(XR)
80, DTH(I) = (BHM(I) =% 2 —~ AM{I) =% 2) / 4.0
: 81 4% CONTINVE
1 82. GO T0 67
i 83. 50 DO S5 I = 1, NP1
84, XR = (X(&8) ¢ | - les) = H
85, A(I) = AA(XR)
86« B(1) = BA(XR)
87 AP(1) = AAP(XR)
88, BP(1) = B&aP(XR)
45 l




89,

Q0.

Sle

92.

93.

G4,

9S.

S6.

S7.

98.

99,
100.
101,
102,
103
104,
10S.
106
107,
108,
109,
110,
ille
112,
1136
114,
11S.
116,
117,
118,
119,
120.
121
122,
123,
124,
12S.
126
127,
128,
129
120.
131
132,
133,
134,
13S.
135,
137,
138.
139«
140.
181¢
142,
143,
184,

60

6Ss
67

68

70

80
90

100

o — e e

DT(I) = (B(I) 8 2 -~ A(]) && 2) / 4,0

XR B (X(8) ¢ 1 ~ «8) s M

AHCI) = a4(XR)

BM(1) = BO(XR)

APH(]I) = AMP(XR)

8PM(1) = BeP(XR)

OTH(I) = (BM(]) 83 2 ~ AM(]) ®8 2) / 4.0
CONTINUE

GO YO 67

DD 65 [ = 1, NP

XR = (X(5) ¢+ I = le) = N

A(l) = AS(XR)

8(l) = 35(XR)

AP(1) = ASP(XR)

BP(I) = B8SP(XR) g
OT(I) = (B([) 8% 2 - A(I) ®% 2) / 4.0

XR & (X(S) ¢« 1 = &5) s

AH(I) = AS(XR)

(1) = 3S5(XR)

APH(I) = ASP(XR)

8PH(I) = BSP(XR)

DTH(I) = (BH(I) % 2 = AH(I) &% 2) / 4.0
CONTINUE

CCNTY INUE

AI(NP1) = 0.0

BI(NPL1) = Q60

OTI(NP1) = 0eD

EBI(NPL) = 1.0 '
N = NP1 - |
D0 68 K = 1ls N

d = NPl -~ K

JP = g + 1

AI(J) = AI(JIP) « HS 3 (AlJ) ¢ 6 % AMIJ) ¢ A(JIP))
BL(J) = I(IP) ¢ s & (O(J) ¢+ & = BH(J) + 8(I°))
OTI(J) = DTI(JUP) + HS & (DT(J) + 4o & DTH(J) ¢ OT(JIP))
EBI(J) = ExXP( BI(J4) )

CONTINUE

GO0 TG 90

oC 80 I = 1, NP)

Bl1l) = - 8(1)

8P(l1) = - BPLL1)

BH(I) = - aHt})

8PHII) = - BPH(I)

81¢(1) = - BI(1)

E81(1) = 1.0 7 ESI(1)

CONT INVE

CONTINUE

AR(LAYER) = A(NPL)
BRILAYER) = 3(NPL)
AL(LAYER) = A(1)
BL(LAYER) = 8(1)
00 100 I = 1, NPL
ODP(1) = OT(I) = (AP(1) - BP(I)) /7 2.
CONT INUE

RETURN

END




l.
e
3e
Y
5.
Qs
Te
Se
e

10
l1le
12.
13.
14,

2e

3e

‘.

Se

6.

7.

8.

Ge
10
1le
12.
13e.
)
1S«
154
17
18e.
15
20
21.
22«
23.
24.
25
26
27
28.
29
30
31.
32.
33
3s.
3Se
36.
37«
38.
3%
40
4le
a2
43,

SUBROUTINE INCaAV
C.oooo.ooooleERT TUNCTION STATEMENT FOR INCIDOENT FILELD
JINC(X) = 060 ¢+ O¢ = X
Cececocccvens
COMMUN /BLOCKI/ZHeNL e NTGP s NPTLIS) s IFRUWITM JITISCATICAPT
CUMMOUN /BLDCKS/BUFF(ZZOl)'Ul‘2001)oU(ZOOl)ouﬁ(zool)
H2 = n % 2,
ITML = [TM + 1
30 10 J = 1le ITMIL
X == (J = 1) &= H2
UI(J) = UINCIX)
10 CONTINUE
RETURN
END

SUBROUTINE PRNTI(K)
INTEGER X
COMMON /BLICK1/HeNL oNTGO oNPTL(S) +IFRQeITNoITWISCATHI0PT
COMMON /BLOCK2/A(33)+8(33)+AP(33)+BP(33)+0T(33)sAH(33).BH(33),
i APH(33) ¢8PHI(33) oDTH(33) sAI(33)+8I(33)e0TI(53)» i
DP(33)+EBI{33)¢AR(S5)+AL(5) BR(S5)BLIS)
COMMON /7BLIOCK3/X{06)eC(6)+DPI(33)+OPBI(3I3)eEAMBILS5¢33)¢EAPB(Se33)
1 QOLD(33)+sONEW(3I3) o XP(5:129) e XM(Se129)+sYP(S5,129) i
2 YM{S5¢129) e XPC(S)Ie XMC(S) «YPC(S) s YMC(S)+APBI(S)»
3 AMBI(5) eP(Se2e33:33)
CUMMON /BLOCKA/ZJIV(Se16) 2 IWN{S5e16)sSVISe16) ¢SW(S5e16)eV(5:200142)0
1 W(5¢129¢2)eVS(129+2)¢wS(129.2)
COMMON /BLOCKS/7BUFF(2201),UI(2001),U(2001),UR(2001)
IF (K - 2) le 2+ SO l
1 CUNTINUE
CoevoossoeeesPRINT QUT INPUT DATA FROM LINES 1, 2, 3
N = NTGP =}
NLL = NL ¢+ 1}
WRITE (6+,2000) Ne NLo IFRQe ITM, ISCAT, JOPT, (X(1)se I = 1, NLL)
WRITE (6+3000) (C(I1)sI = 14 NLL)
C WRITE (8+2000) Ne NLe IFRQe ITM
RE TURN
2 CONTINUE
RETURN
S0 CONTINUE
IF (K = 4) 3, 4, 60
3 CONTINUE
CoevsocccaeasePRINT INCIDENTs REFLECTED AND TRANSMITTED FIELDS IF ISCAT = 1
IF (1SCAT L,EQe 0) RETURN
ITML = [TM + 1
WRITE (645000)
WRITE (6+1000) (UICI)el = 1o ITML)
WRITE (0+5100)
WRITE (6+1000) (UR(I)el = 1, ITM1)
WRITE (6.5200)
WRITE (6.1000) (VINLelsl)el = Lo ITMY)

C WRITE (8+1500) (VINLsIs1l)el = 1, ITML)
C wWRITE (8+.1500) (UR(I)s]l = 14 ITM1) )
RETURN 1
& CONTINUE

CeovocecsoeaPRINT FIELD AT ALL GRID POINTS INSIDE MEDIUM AT TIME TAU = [T .
WRITE (6+7000) IT
WRITE (6+1000) (U(I)del = 14 NTGP, 2)
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- s

10
1l
12«
13.

| 15.
’ 16.
! 17.
18.
; 1Ve
' 20,
21 .
22
z23.
246,
25
2¢.
27.
2&.

c wRITE (8.6000) iT
C WRITE (8s1500) (U(lI)el = 1e¢ NTGPR, 2)
RETURN

50 CONTINUE
IF (K - §6) Se 64 6
S CONTINUE
CeecssvoncseePRINTY FIELD AT POSITION X = IT 8 W FOR TIMES
CeosoncscncesaTAU 3 IT & He (17 + IFRQ » 2) & M,
IMAX = { + (ITMm ~ (IT 7 2) ) / IFRQ
@wRITE (6,8000) 17
WRITE (6,1000) (U(I)el = 1o IMAX)
C WRITE (8+6000) IT
c WRITE (8+1500) (UCI)s]l = 1o IMAX)

RETURN

5 CONTINUZE

aR1TE

RETURN
1000 FORMAT
1500 FORMAT
2C00 FORMAT
3005 FORMAT
4CJ0 FURMAT
5000 FUORMAT
S1C0 FURMAT
5200 FCORMATY
5000 FORMAT
7000 FORMAT
8C00 FGRMAT

END

(0+40C0)

(1Xes8E10e3)

(3E10e3)

(515e/+0615)

(o0E12e5)

(/7701 Xe3NF INISHED)
(/7701Xe)4HINCIDENT FIlELDs/)
(/7731 X4 1SHREFLECTED FIELD/)
(/771X L7THTRANSMITTED FIELD./)
(110)

(/7741Xe29HINTERNAL FIELD AT TIME TAU = 4110+8H % 2 & H./)

(/77¢1Xe2V1HFIELD AT PQSITION X 2l 10s4d & Ho/)

SUBRCUTINE KERNEL

LeesoneeeeeTHIS SUBROUTINE SOLVES SYSTEMS OF PARTIAL DIFFERENTIAL
CoonsevosvenneesidJATICNS TG OBTAIN RIEMANN FUNCTIONS FOR EACH LAYER
CoevoccovocsrcscdF THE MEDIUM

INTEGER X
COMMON /BLOCKI/H.NL.NTGP.NPTL(5)9!‘89'lTNclTolSCATolOPT
COMMUN /SLOCK2/A133)+8(33)+AP(33).8P(33),0T(33)¢AN(33),.BN(33),

1
2

COMMON /BLOCK3/X(6)+C(6)0PI(33)+s0RBI(3I)eEANDIS+33) EAPBIS33),

1
2
3

APH(33) +BPH(33) +DTH(33) +A1(33)¢BI1(33)4DTI(33),
DP(3I31.EBI(33}+AR(S)ALIS) +BR(F)BL(SE)

QOLD(33)0°N5"33)oxa‘ﬁglzg)ox.(5§129)079(50129)-
YN(S‘129)o‘PC(’)Q‘"C("QVPC‘SlUYNC‘S‘QAPBl(sio
AMBI(S5) oP(5:2:33:33)

JIMENSION W(33)
CoevocseseseeNL = NUMBER OF LAYERS
CocvocvceccosaneNPTLII) = NUMBER OF GRI1D POINTS IN LAYER 1
oc 10 I = 1o NL
NPTL(1) = X(1I+1) = X(I) ¢+ 1
10 CONTINUE
He = K/6
HS = H/6
DO 110 I = 1y NL

FL = = (CLI+1) + le) /7 240
F2 = (CLEI+l) + le) /7 4840
F3 = (C(I#1) =~ le) / 20
Fa = F3 / 6.0
FS = £3 /7 2.0

NPl = NPTLIZ)
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R e e

ot SR g g = -

29.
30a
31e.
32
33.
34.
335.
36.
37
38.
39
40«
Al e
2.
43
a4,
4S5,
L Y-¥9
a7a
48
49
€0
Sle
S2e
€3
Sa.
€5.
Sda
€7
£5e
5% e
£0.
61.
52
£3e
c4 e
€£Se
€5
O7e
63e
69
70
71e
72
73.
T4«
7S
76e
77
78
79
80e
81
82
83.
84.
85«
6.
87«

N = NP1 -~ I
DO 100 JCRK = 1,2
CALL EVAL(1.ICK)
F6 = (AR(]1) =~ 8BR(I)) 7/ ae0
Dl = F3 = (AR(1) + BR(I)) 7/ 20
D2 = - F2 & F6 & 4.0
D3 = F2 & DP(NP1)
OPI(NP1) = 0.0
DPBI(NPL) = 0.0
AMB = (AR(I) = 8R(I)) 7 2.0
DO 20 K = 14 N
J = NP1 - K
JP = J ¢+ 1
OPI(J) = DTI(J) + (A(J) -~ Bl(J)) /7 2,0 - aAmMB
OPBI(J) = DPBI(JP) + HS & (BLJ) * (DTLJ) ~ (AP(J) - BP(JI)) 7 260)
b + e ® BH(J) & (DTH(J) = (APH(J) = aPHIJ)) / 2.0)
2 + B(JP) & (DT(JP) —~ (AP(JP) — BP(JP)) 7 240))
20 CONTINUE
Cocccoceee s COMPUTE BCUNDARY VALUES
DC 25 K = 1, NP1
P{IsICKekel) = Fl1 * (DTI(K) + (A(K) = BI(K)) / 2.0) + D1
J = NPL ¢ 1 -~ K
PlIs1CKeNPLeK) = EBI(J) & (F3 = (DTI(J) ¢ (A(J) + B(J))/72.0) « D2}
2% CONTINUE
CoeocvoceeeesGENERATE SOLUTION OF PDE
DO 40 NCT = 24 N
LN = N + 2 - NCT
KMAX = NCT = |
ON = DP(LN)
ONM = DP{LN-1)
EN = EBI(LN)
ALLOC(1) = F2 = DN/EN
ENM = EJ[(LN-1)
QCLO(NCT) = U3 + (Fo ® DPI(LN) = FH)*DPI(LN) + F5 = DPBI(LN)

EQ = ENM/EN
HO = H/4,
HE = H/EQ
DE = ON/EN

HDE = H6 & ON = 3IQ

DET = 1o + Ha = H & DNM
DG 30 J = 1, KMAX

M= LN ¢ J

Ml = M - )
Jil = J + 1
PllelCKeMloJdl) = (P(leICKoeMoeJl1) = H & (NMDE ® P(losICKeMLled) ¢

1 EN ® Q0LO(J1) + ENM = QQLD(J2))I/DET
ONEw(J1) = (QOLL(J) + Ha = (DE « P(I.ICKeMLiJd) +
1 ONM ¢ (P(l+ICKeMeJL)/ENM - HE =QOLD(J1))))I/DET

30 CONTINUE
DO 35 J = 24NCT
QOLD(J) = QNEW(J)
35 CONTINUE
40 CONTINUE
QNEW(1) = F2 = DNM/ENM
GNEW(NPL1) = D3 + (Fa = DPI(1) ~ F6) = DPI(1) ¢ FS = DPBI(1)
Coeeeeeee COMPUTE INTEGRAL FOR SCATTERING KERNEL
F? = EBI(1) & 2.
8 = (AL(L) - BL(I)) / 240
wil) = Q.
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880
859
A0,

9101
S2.
93,
L 27
5.
960
97 a
980
990
100.
101
102,
to03.
1046
1C3.
106,
107
103,
103,
llo.
11t.
it2.
113,
l1a,

o0

Ta

80

1085

110

Wl = F7 SQNEW(1l) = F8 * P(leICKelel)

00 S0 Kk = 2, NP1

K2 = F7 SQNEW(K) = F8 & P(l4ICKeKeK)

WiK) = wiK=1) ¢+ H % (W]l + w2)

Wl = w2

CONT INUE

IF (ICKeEQe2) GO TO 70

F9 = EBI(1)

Fl1l = F8 8 (C(I+1l) + 1)

DD 60 K = 1, NP1

XP(IleK) = ( =Fil + w(K)) / EBI(}1)

XM(IeK) = Fl1l ¢ 2¢ 8 PlleleKeK) = wi(K)

CONTINUE

XMC(1) = XM(1eNPL1) - F3 = (AL(I) + BL(I)) ® EBI(1)
XPC(I) = = XMC(k) ~, EBI(}1)

GD TO S0

Gl = F3 = (AL(1) + BL(I1)) = EBI(1)

G2 = =F1 = (AL(1) - BL(1))

DO 80 KT = 1le NP1

K = NPl = KT + |

YRP(IeKT) = Sl = 2% P(Ile2eNPLeNPL) ¢ 248 P(1,2¢KkeK) + w{NPLlJI= W(K)
YM(IKT) = ( =Gl + 2% P(1:2+NP1NPL1) «~ W(NPL) + WIK)) 7 EBl(l)
CCNTINUE

TPC(I) = Gl = 2% P(1e2:NP1sNPL1) = G2 ¢ w(NP1)
YMC(I) = = YPC(]I) s EBI(1)

CONTINUE

CONTINUE

00 10 J = 1, NPI

EAMB(I+J) = EXP( (AlI(J) + BIlJ)) 7 24 ) /7 2,0
EAPB(1+J) = EXP( (AlI(J) = B1{J)) 7 2. ) 7/ 2.0
CAONT INUE

3R(1)Y = = BR(I)

gL{I) = = BL (1)

ARPBI{(1) = 2« * EAPB(LI.1)

AMSI(I) = 2. * EAMB(1,1)

CONT INUE

RETURN

END
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6.
Te
Be
Je
12
11
12
13.
lee
15.
15
17
13,
19.
2Je
21 .
220
23
20 ¢
25«
26
27«
28,
29
30.
3le
32.
33.
34.
3S.
36.
37
38e.
3.
‘o.
4l
a2,
43,
4 6
a5,
a6
47 .
4ad.
49,
SO
Sle
S2e
S53.
S4.
S5
55.
E"
SHe
S3.
6.

10

20
30

SUBRCUTINE DELTA
CevenncesceTHIS SUBROQUTINE COMBINES THE RIEMANN FUNCTIUNS FRCOM
Cecceccannoecoess SUBROUTINE KERNEL TO FORM THE SCATTZRING KcRNELS

INTEGEFR

X

REAL®8 3UMLleSUMZ2,5UM3, SUMe

COMMON /3LOCKLI/H NLoNTGPsNPTL(S)+ IFRQeITMeIT,ISCATIOPT

CUMMON /BLOCK3/X(6)+C(6)eDPI(33)+DPBI(3I)EAMBIS+33)EAPB(S5.35),
QOLD(3I3) e QONEW(3I3) e XP(54129) o XM(54129) 2 YP(S5:12%) »
Yd(56129) e XPCL{S)e XMC(S)esYPC(S) o YMC(S) APBI(S5),
AMBI(S) «P(5e2+33:33)

COMMON /BLOCKA/JV(Sel6)eJW(S5e16)eSVIS5016)+S0(S5:16),viS5+2001,2),
W(5:129¢2)+VS{1292)sW3(129,.2)

1
2
3

1

N = NL
NTGP = O
DO 10 1

= 1le ML

NTGP = NTGP + NPTLI(I1)

CONTINUE

NTGP = NTGP = NL + 1
NTGP1 = NTGP - 1

DO 30 I = 1. N

NP2 = NPTL(I) + 1

DO 20 K = NP2, NTGP

XP(1eK)
XM(IeK)
YP(leK)
YM{leK)
CONT INUE
CONTINUE

XPC(1)
xmcl( 1)
YRC(l1)
YymMci( 1)

Cevevees CALCULATE LOCATION AND STRENGTH OF SINGULARITIES

40

50
60
70

NM]l = N
JVINs L)
JWINs1)
SVINel)
SW(Ns1)

NCL = N

1
0
2 & X(N 4+ 1)

AMBI(N) & (CIN + 1) + 1.) /7 2.

- APBI(N) = (C(N + 1) = 1le) / 2.
IF (N<EQel) GO TO 70
DD 60 IC = 1. NM1

1C

NCK = NCL + 1

NJ = 2 =2 (N = NCL)
NJ2 = Ny 7 2

D0 40 [ = 1ls MNJ2

JVYINCL o1
JWINCL oI
SVINCL I
SWwINCL !
CONTINUE
NJ3 = NJ

)
}
)
}

2

JVINCK,I)
JWINCKI)

+ 1

DC S0 I = NJ3+ NJ

JYINCL 1
JWINCL o 1
SVI(NCL I
SWINCL +1
CONTINVE
CONTINUE
CCNT INUE

)
)
)
)

2 & X(NCK)
2 & XINCK)

AP = APBI(N) 7/ 4.0
A4 = AMBIIN) / 40
DL 80 K = 1y NTGP

VINeKs l)
VINeK o 2)

= AM X XM{NeK)
= ViNeKol)

- AMBI(NCL) * (C(NCK)
AP3L (NCL) = (C(NCK)

AMBIINCL) & (C(NCK) + leo) = SVINCKI) / 2.
APBI(NCL) * (CINCK) + la.) ® SWINCKelI} 7/ 2.

JWENCK, I
JVINCK 1

NJ2)
NJ2)
le) * SwINCKl - NJ2) 7/ 2.
le) ® SVINCKsl = NJ2) 7/ Ze.
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6‘.
62
£3.
Eas
635
60e
57 e
6%«
69
70
71le
72e
73.
Tae
75,
75
77
78.
7%
80
8le
82
83«
Bda
€Se
86
37«
a8,
8F.
90‘
9le.
92
93.
94,
95.
G5e
97«
98,
39,
100,
101 e
102e
103,
104,
10Se.
L06e
107
t08e
103,
110e
llla
112,
113.
114,
1i5e
)ibe
17
J13e.
119
120

WiNeKel)

WiNeKe2)
80 CUNTINUE

ViNeslsl) = 0o

WiNelesl) = 0.

NP1 = NPTL(N)

VINeNPLl,2) = AM & XMC(N)

W(NsNF1e2) = AP & XPC(N)

IF (NeEGel) GO TO 20

o0 230 IC = 1, NM1

1 = N - 1C

AP % XP(NyK)
wiNeKsl)

CovoeseaesCALCULATE INTEGRALS FOR LAYERS N=leN=2seeeslels

NPl = NPTL(I)

Ni = NP] - |

AM = AMBI(I) / 4.

AP = APBI(I) / s,

IP =1 + 1

CM = 2, & (C(IP) - le)
CP = 2, ® (C(IP) + 1.)

V(ielol) = 0o
Vi(Iele2) = AM 8 (CP & V{(IPesls2) - CH & W(IPele2)
W{lelel) = 0o
wllels2) = 0.

DO 110 K = s NI
SUM1 = 0,00

SUM2 = 0,D0

DL 90 J = 1, K
IK = K = J + 2

JP = J ¢+ ]

IL = K - 1}

SUML = SUM]I + XM(led) & V{]IPsIXKsl) ¢ XN(].JP) =

1 * YM(1ed) & W(IPIKel) ¢ YM(I,JP) &

SUM2 = SUM2 + XP(1,J) & V(IPIKel) ¢ XP(IeJP) &

1 * YP(led) * W(lIPsIKel) & YP(1,JP) =
90 CONTINUE

KP = K ¢ )

DO 1060 M = 1, 2

IGNORING SINGULARLT

)

V(IPeIL2)
w(IPJILs2)
V(IPeILe2)
w(lPeILho2)

V(IeKP M) = AM & (CP & V(IPKPoM) = CM & W(IPK®,M) + H & SUML)

W(IKP M) = AP % H & SUM2
100 CONTINUE
110 CONTINUE
WlIeNPL1s2) = W(IoNPLe2) ¢+ AP = (CP 3 w(lIP,1e2) -
SUM3 = 0.00
SUMe = 0,00
DO 146 K = NP1,
SUMLI = 000
SUM2 = (.00
DC 128 J = le NI
IK = K - J « 2
JP = J ¢ 1
iIL e K -1

NTGP1

SUML ® SUML + XM(IeJd) ® VIIP.[Kel) ¢ XM(LdP) &
1 ¢ YM(IeJd) ® W(1PeIKel) ¢ YM(1,J4P) ®
SUM2 m SUM2 ¢ XP(1eJ) * V(IPeIKel) ¢ XP(L.JP) ®
1 ¢ YP(1eJd) & W(IPeIKsl) + YP(I,JP) &

120 CONYINUE

SUM3 B SUM3 ¢+ V(IPsK = NP1 ¢+ 2,1) ¢ V{IP.K = NP1
SUMA B 3UMA + W(IPK = NPL & 2¢l1) ¢+ W(IP+K = NP
K s K ¢ 1
KM = K = NPL ¢ 2

CM & V(IPs1s2,)

ViIPs1ILe2)
wlIPele2)
V(IPsILe2)
WlIP,1Ls2)

* 1e2)
+ le2)




IC1le
i22
{20
i 25
129
127
123
129
130
|32
133
133,
135
}36e
i37.
)38
139.
180«
jale
(820
143,
{44e
1845,
146,
147
1484
149
1S5S0
1S1.
1€2.
1€3.
154,
lss.
tSoe
157«
158
159.
160
161,
162
1€3.
L6486
{65
1664
167
163
169,
170.
171e
172
173,
174,
175
175
+77.
V76
179,
130.

1

1

0C 130 M =
VI(IeKPesM) = AM % (CP % V(IPsKP M) ~ CM = W(IPKP M)
* H & (SUM] ¢ XMCI(I) & SUM3 + YMC(I) & SUMa))
AP & (CP % W(IPWKMeM) = CM * V(IRPsKM M)
+ H 2 (SUM2 + XPC(I) s SUM3 + YPC(I) = 3UMa&))

te 2

wl{leKPeM)

120 CONTINUE
140 CONTINUE
CeccoeeeADD IN CONTRIBUTIONS DUE TO SINGULARITIES

150
160

170

180 NS

190
200

210

220

230
240

1

1

NJ = 2 = (N =~ [ - 1)
DO 220 K = 1+ NJ

JYK = JV(1 + 1K) /7 2
JUK = Jwl{l ¢ 1,K) /7 2
SVK = SV(I + 1.K)

SwK = SW(] + 1,K)

V(1s1l = JVKe2) = VIiIel = JVKe2) + AM & SVK = xXM(I,1)

W(lel = UVKe2) = W(lel = JVKe2) + AP & SVK & XP(Is1)

NS = NTGP = 1 + JVK

NF = 2 = JvKk

D0 160 Kl = NFs NTGP

00 150 M= 14 2

V(IsKIoM) = V(IeKIeM) ¢+ AM ¥ SVK & XM(I+K] + JVK)

W{leKIesM) = W{IeKl M) + AP * SVK T XP(],K] + JVK)

CONTINUE

CONT INUE

IF (NS - N1) 180, 170s 170

KK]I = NP1 = JVK

VIIeNPLl = JVKe2) = (V(INPL = JVKe2) ~ AM 8 SVK 3 XM(] o NP1))
¢ AM & SVYK ® XMC(I)

W IoNPL = JUVKe2) = (WM(1sNPLl = JVKe2) ~ AP & SVYK ® XP(1.NPl1})
+ AP & SVK = XPC(1)

= NTGP = 1 + X(I + 1) = JuwK

NF = WK = X(1 + 1) + 2

VCIeNF = 1¢2) = V(IeNF = 142) + AM = SuK = YM(1e1)

W(IeNF = 142) = W(IsNF = 1¢2) + AP & SwK = YP([.1)

DO 200 KI = NFes NTYGP

KKl = KI + X(I + 1) -~ JwK

DO 190 M = 1, 2

VIIsKIoM) = V(IeKIosM) + AM ® SWK * YM(I.KKI)
W(IeKIoM) = W(leKIeM) + AP ® SWK & YP(I.,KKI)
CONT INUE

CONTINUE

IF (NS = N1) 220, 210, 210

KK = JwK = X{(I) + 1

V(IeKKI02) =Z(V(IoeKKIe2) = AMBSWKEYM(INP1))e¢ AMOSaKBYMC(])
W(IleKKIe2) 2(W(IeKKIo2) — APSSWKEYP(]I.NP1)) +APeSeKeYPC(])
CONT INVE

CONTINUVUE

CONT INUE

CeossoaeseCALCULATE SCATTERING KERNELS wS AND vs

CP = (C(1) + le) / 2
CM = (C(1) = le) 7/ 2

00 260 K = 1s NTGP

o0 250 M= 1, 2

VS(KeM) = = CM % V(1eKoM) + CP = W(1leKsM)
WS(KeM) = CP 2 V(leKeM) = CM = w(]lsKeM)

250 CONTINUE
200 CONTINUE

CALL PHNTI(2)
=E TURN
ZND

st e




r————————-—-—————-———-———m-‘

1o SUBRCUTINE FIELD

2. CivenaseoseeTHLIS SUBROUTINE COMPUTES SCATTERED AND INTERNAL FIELDS

T Coconscsscccnaae THRGUGH USE OF THE SCATTERING KERNELS OBTVTAINED N

“ . “eesesscevecess e SUBROJTINE DELTA AND THE RIEMANN FUNCTIONS OBTAINED

3. CoeossvcsesscesIN SUBROUTINE KERNEL

G INTEGER X

Y JDIMENSION UT(2001)swWW(129)¢S(32) +4J(32)

He COMMON /3LOCK1/Z7HeNLoNTGP s NPTLIS)+IFRQeITMIT+ISCATIOPT

S COMMON /BLOCK2/A(33)+B8(33)+AP(33).,89(33)+D0T(33),AM(33).,.8(33),
1Je 1 APH(33)+BPH{I3) sDTH(3IIIsAI(33)eBI(33).DTI(33),
£y 2 DP(33)+EBI(33)eAR(S)IsALI(S) ¢BR(S)eBLI(S)
[Ze COMMON /BLOCK3/X(6)eCL6)eDPI(33)0PBI(33)+EAMB(S+33)EAPB(5+:33).,
1350 i QOLD(33 )+ ONEW(3I3) o XP(Sc129) ¢ XM(S5:129)YP(5.129),
P& a 2 YM(S:129) o XPC(S)e XMC(S) e YPC(S)e YMC(S) JAPBI(S),
13. 3 AMBI(S) +P(5¢2:33:33)

1¢ . COMMON /BLOCKEZJVISel16)sJU(5e16)eSVI(Se16)eSNH(3016)sV(5:2001e2)»
17, 1 W(S5e129:2)¢V¥S(129:2)+85(129+2)

13 COMMON /BLOCKS/BUFF(2201)+V1(2001).0(2001)sUR(2001)

19, EQUIVALENCE (BUFF(130),UT(1))

20. REAL®8 S1:5S2¢53:54485.56

21 DO 10 1 = 14 2200

2. BUFF(1) = 0.
2. 10 CONTINUE
24 Ceeoocooseoe sCOMPUTE TRANSMITTED FIELD

2% KM = 2 ¢ (NL - 1)

26 e CP = (C{1l) ¢ 1e¢) 7/ 2«

27 . CM = (C(1) = 1e) /7 2
235 DD 20 K = 1, KM ‘
29. JIIK) = JV(1eK) 7/ 2 }
30w JIJIKM ¢ K) =3 = JW{lsK) 7 2. 1
31 S(K) = SV(1leK) & CP

326 S(KM ¢+ K) = = Sw(lsX) & CM
33. 20 CONTINUE

3a. DO 30 M = 2, NTGP

335 WW(M) = (WS(Mel) ¢ WS(Me2)) s H

36, 30 CONTINUE

37, WWC = 24 ® H & WSINTGP.2)

38 DIV = S(1) + H & wS{1,2)

39 UT(1) = 0.

40 uT(2) = Utt2) 7 DIV

Gl n IM = 2 &8 NL ]
32. 00 60 K = 2, NTGP J
43 KP = K + |
4a, Sl = 0400
A4S S2 = 000
A6e DO 40 I = 2, K
A7, S1 = S1 + ww(l) ¢ UT(2 ¢ K -~ )
48, 40 CONTINUE
49 4 00 SO I = 2. IM
3%. S2 = S2 + S(1) & UTIKP + JJ(I))
Sie S50 CONTINUE
S52. UT(KP) = (ULI(KP) = S1 = S2) 7/ Dlv
%3. 60 CONTINUE .
- T KF = NTGP + 1
5S. 52 = 0.DO

Sha ITM1 = (TM ¢ 1}

S7. DO &0 K = KF, [TMI1

S3. KP = K + 1}

59 S1 = 0eDO

LRV IR DO 70 1 = 2. NTGP




6l
62
63
XN
€5
£5.
67.
583
69,
70
71
T2
73
Tao
7S
75e
77
78.
79
80.
=3
82e
83
e‘-
S
86.
87
88.
89,
90
Sle
G2
G3.
94,
SSe
S5.
G7e
98
99,
100.
101,
102.
103.
1048 .
105.
106.
107
108.
109.
1104
111e
112
113
113e
115,
{13
117
118,
119,
120

S

S1 + wal(l) » UT(2 # K = )

70 CONTINUE

S2
S3
ale]
33

80

S2 + UT(KR = NTGP)
0.DO
1 = 2, 1Im
S3 + S{I) = UT(KP ¢ JJ(I))

80 CUNTINUE
UTI(KP) = (UI(KP) =~ S] = wwC ® S2 - S3) 7 oIv
90 CONTINUE
CecovoocsoeeCCMPUTE REFLECTED FIELD

o1}
S(K

91
)

K = 1ls KM
= - CM & S(K) 7/ CP

S(KM + K) = -~ CP % S{KM + K) 7/ CM
91 CONTINUE

DO
ww (

g2
M)

M = 2, NTGP
= (VS(Mel) ¢ VS(Me2)) & M

g2 CONTINUE

nC
S(1

UR(L1l) = 0.

)

2e * H ® VSINTGPR,,2)
= S(1) + H & ¥S(}1.2)

UR(2) = S(1) * UT(2} 1
DO 95 K = 2+ NTGP
KP = K ¢ | f
S1 = 0.DO
S2 = 06,00
DG 93 I = 2, K
51 = 51 + ww({l) % UT(2 + K = 1)
$3 CONTINUE
DO 94 I = 1, IM

S2 = S2 + S(1) = UTIKP + JJ(I1))
94 CONTINUE

UR(KP) = 51 + S2
G5 CONTINUE

S2 = 0.D00

DO 98 K = KFye ITM

KP = K + ]

Sl = 0.D0

DC 96 I = 2¢ NTGP

Sl = S1 + ww(l) * UT(2 ¢+ K = 1)
96 CONTINUE

S2 = S2 4+ UT(KP = NTGP)

S3 = 0.00

DO 97 I = 1l IM

33

S3 4+ S{I) = UT(KP ¢ JJ(1))

97 CONTINUE
UR(KP) = S1 + 52 * WWC ¢+ S3

98 CONTINUE
00 100 K = 1, ITMI1
VINLeKsl) = UT(K)
VINLeKe2) = Ooe

100 CCNTINUE
CALL PRNT(3)

CevoeccceneslOMPUTE FIELU AT INTERFACES

1F
NTD

(NI

LeEQel) GO TO 160
NL - 1}

00 150 IL = 1, NTD

NCL
NeL
NNL
Cvi

Ne - IL + 1
NCL + 1
ANCL - )
AMBIINCL) = (CINPL) + la) 7 2

55




121
122
1236
124
125
126
127
128
129
120
131
132
133
134
13S.
1365
137
138,
139.
140,
181,
142,
143,
184,
145
186«
147,
{48,
149,
1S0.
1S1e
152
{S3e
1S4,
155.
156
157,
158«
159
160
161,
162,
163,
1646
165,
1€Ge
167
168«
169
170
171
172
173
17s.
175,
t17¢.
177
178,
}79.
139,

130

140
180
160

170

i

1

CWl = = APBI(NCL) & (CINPL) =~ le) / 2
CV2 = — AMBIINCL) = (C(NPL) ~ 1le) 7/ 2
Cu2 = APSIINCL) & (C(NPL) *+ le) 7 2¢
CV3 = 1 & AMII(NCL) 7 2.

Cw3d = N & APBI(NIL) /7 2.

CVa = H & XMCINCL) = AMBIINCL) / 6.
Cwa = M = XPCUINCL) = APBIINCL) / 4o
CVS = H & YMC(INCL) = AMBII(NCL) 7/ 4.
CwS = 1 = YPCINCL) & APBI(NCL) 7/ 4.
NPL = NPTL{NCL)

NPL = NPL = 1

VINNLeslel) = 0o

VINNL,L1e2) = Q.

00 120 K = 2, NP1

S1 = = XMINCL+e+1) & VINPLeKsl) / 2.

S2 = = YM{(NCLW1) & V(NPL.K2) /7 2.

S3 = = XP(NCL+1) * VI(NPLKel) 7/ 2

S4 = = YP(NCL+sL) & V(NPLsKe2) / 2.

KMl = K =

DO (10 J = 1, KM

KP 3 K + 1 - J

Sl = S]1 ¢+ XMINCLJ) & VI(NPL.KP,1)

S2 = S2 ¢ YMINCL,J) = VINPLKP,2)

§3 % 53 ¢ XP{(NCL+J) & VINPLKP,}1)

S4 = 54 ¢ YP(NCLoJ) & VINPLKP+2)
CONTINUE

VINNLsKel) = CV] % V(NPLsKel) ¢ CV2 ® V(NPLIK:2) ¢+ CVI »
(S1 + S2)
V(NNLeKe2) = CH3 & (S3 + S54)

[ 2 BN IR

VINPL ¢XMe 1))
VINPL o KMo 2))
VINPL KM, 1))
VINPL oKM2))

CONTINUE

S5 = 0.00

56 = Q000

NP2 = NPL + 1}

NMiI = NPT - |}

D0 140 K = NP2. ITML

KM = K -~ NM]

Sl = (XMINCLesl) & VINPLIKe1) + XMINCL.NP1)

S2 = {(YM(NCL.1) * VINPLIKs2) ¢+ YMI(NCL/NPL)

S3 = (XP(NCLel) * VINPLIKel) + XP{NCLsNPL)

S4 = (YP(NCLsl) * VINPLIK,2) * YPINCL«NP1)

DO 130 J = 2, NME

XKP = K + } - J

31 = S1 + XM(NCLsJ) * VI(NPLIKP,.1}

S2 B S2 4+ YMINCL+J) * VINPLIKP2)

S3 = S3 ¢ XPI(NCLsJ) * VINPLKP,1)

54 = S4 + YP(NCL+J) = VINPL.KP,2)

CONTINUE

S5 & S5 ¢+ VINPL«KM1) ¢ VINPLK=NPL,1l)

S6 = S6 ¢+ VINPLIKM2) ¢+ VINPLK=NPL+2)

VINNLeKs 1) = CVLl 8 VINPLKel) ¢ CV2 & VI(NPLK2) ¢
CV3 = (S]1 ¢ S2) ¢ Cve = 85 ¢+ CVS = S¢

VINNLoKo2) = CWL 2 VINPLoKMol) +».CH2 & VINPLIKMe2)
CW3 8 (S3 ¢ S4) ¢ Cwe = S8 ¢ C¥US s $¢

CONT INUE

CONT INVE

CONTINUE

42 B H & 2

JC 170 I = L. ITMIL

utT(i) = 1,

CONTINUE

56
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)Sla IF (JOPT.ZQel) So TU 300

1E2. CeoovveoseossLALCULATE FIELD INSIDE MEDIUM AT TIMES T = IT & H s 2
123, 00 2290 IT = IFrQe ITM, IFRQ

184, IN = NTGP

185, I = IT ¢ | = (NTGP - 1} /7 2

190 VEIN) = VINLelJdel) = UT(1J)

187 DO 210 Kl = 1+ NL

.83 NCL = NL = K1 + 1

189 NPL = NCL + )

190 NP1 = NPTL(INCL)

191« NP2 = NP1 + 1|

162 NMl = NPL - 1}

193, CM = CI(NPL) - 1a

194, CP = CINPL) + 1.

165, NIT = (NPL - L) 7 2

196 DO 200 JC = 1e NIT

167, IN= N -2

198, M = NITY - JC

19ve M2 = M = 2

200, I = [T - M + 1 = XI(NCL) /7 2

201. I1dM = 1J = NM]1 + M2

202, Sl = (VI(NCLslIJel) % PINCLe1sM2 + 1,1) % UT(1J) +

203. 1 VINCLelIJMel) & PINCLo1eNPLIsNPl -~ M2) x UT(IJNM)) / 2.
204, S$2 = (VINCL+IJMe2) & PINCL2¢M2 ¢+ 1,1) = UT(IJIM) +

205. 1 VINGCLo[Je2) # P(NCLs2¢NPLl«NPL = M2) & UT(1J)) / 2
206, IF (lJelEel) GO TO 190

207. JM = 2 & YC

208. IF (JJMelkEeO) JM = J -}

209« DD 180 J = 2, JM

210e. M2J = M2 ¢+ J

211. SL = S1 ¢ VINCLeIJ + 1 = Jol) % PINCLs1eK2JeJ) ]
212, S2 = S2 + VINCLIJ + 1 = Js2) = PINCLs2:NP2 = JeNP2 = M2J)
213 180 CONTINUE

214. 190 CONTINUE

215, MI2 = M2 + |

216 UUIN) = EAMBI(NCL+MI2) = (CP & VINCLosIJel) * UT(1lJ) -
217, 1 CM = V(NCLelIJe2) = UT(1IJ) + H2 = S])

2184 UCIN) = U(IN) + EAPBINCLMI2) = (CP # VINCLeIJINe2) & UT(1uM) -~
21%9e 1 CM % VINCLesluMe1) = UT(IJM) + H2 = S2)

220 200 CUCNTINUE

221. 210 CONTINUE

222, CALL PRNT(4&)

223. 220 CONTINUE

2244 RETURN

225. 300 CONTINUE

2206 Co.oooo.oooCALCULATE F!ELD INS‘DE MED‘U" AT POSXT!ON IX

227 READ (5,1000) NOBPTS

228 00 390 KK = 1+ NOBPTS

229 READ (5.,1000) Ix

230 IF (IX = NTGP + 1} 330s 310, 330

231. 310 CUNTINUE

232. JMAX = 1 ¢ (ITM = | = (IX /7 2) ) / 1FRQ

233. DD 320 Jd = ls JMAKX

234, U{J) = VINLIFRQ & (J - 1) ¢ 1., 1)

235 Z20 CDNTINUE

230 GUL TG 3280

237. Z30 CONTINUE

233, NLP = NL ¢+

233, D0 340 I = 2, NLP

240, IF (IlXxelZeX{1)) o0 TC 350
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24l .
242,
243,
245
246«
247,
243,
249.
2€0.
2S1 .
252
253.
2854,
25S5.
2S6e
1S7.
253.
259.
260«
261l
2620
2536
264,
265 e
2606
267
268.
269
270
2T71e
2726
>73e
274,
275.
276e
277«
2786
279
280
281.
282.
283
288,
’3S.
286,

340

350

360

370

380

390

1000
2000

CONTINUE

4RITE (6.2000) IxX

RETURN

CONT I NUE

NCL = | - 1}

NPL NCL ¢+ )

NP} NPTL(NCL)

NP 2 NPl + 1

NMm ] NPL - |

CM = CI(NPL) ~ Lo

CP = CI(NPL) + 1.,

NIT = (NP]L - 1) 7 2

M = (IX = XI(NCL)) /7 2

M2 = M s 2

MI2 = M2 + |

JC = NIT - M

U(l) = 0.

IMAX = 1 + (ITM - (IX / 2) ) 7/ 1IFRQ

DO 370 [ = 2, IMAX

1= IFkQ & (I = 1) + 1

1JM = 1J = NM1 ¢+ M2

S1 = (VINCLeIJel) & PINCLeLIM2 + 1ol) * UT(IJ) +
VINCLoIJMel) & PINCLs1sNPLNPL = M2) & UT(IJINM)) / 2.

S2 = (VINCLsIJIMe2) % P(NCL,2,M2 + 141) ¢ UT(1INM) +
VINCLelIJe2) # Z(1iCL<2oNPl1sNP1 ~ M2) * UT(IJ)) 7/ 2.

JM = 2, ® JC

IF (1JMelEeO) M = 1Y ~ ]

00 360 J = 24 JM

M2J = M2 ¢+ J

Sl == S1 + VINCLeIJ + 1 = Jyl) & PINCLel1eM2JyJ)

S2 = S2 ¢ VINCLWIJ + 1 = Jy2) % PINCLs2:NP2 ~ JyNP2 - M2J)

CONTINUE

MI2 = M2 ¢ | _

Ul1l) = EAMBINCLeMI2) & {(CP & VINCLelJ1) & UTL( L) -~

CM % VINCLelJe2) * UT{IJ) ¢ H2 = §1)
U(I) = U(Ll) + EAPBINCLNI2) # (CP & VINCLsIJIMe2) & UT(IUM) -~
CM & VINCLeIJMeL) & UT(IJM) + H2 & S52)

CONTINUE

CONTINUE

IT = X

CALL PRNT(S)

CONTINUE

RE TURN

FORMAT (IS)

EORMAT (//77+1Xe9HHEY, IX molSelert 1S TOO LARGE)

END
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VIII. SETTING UP SOME PROGRAMS

Consider a three-layer medium of depth 3 cm, with each layer being 1 cm
deep. Assume that the permittivity and conductivity are constant on each
layer and are given by the values shown in Figure B-3.

N is chosen to be 128, This is not for purposes of accuracy (N=64 yields
identical results) but rather for obtaining more grid points, resulting in
smoother plots.

Turning to the computation of the X(i)'s, note first that

2=(0.01)(¥30 + /135 + /60)/c
where ¢ is the speed of light in free space. Then X(1)=0 and

x1=/§67(/§6=/T§§ + v/60)=X(2)/128.

Thus, X(2)=28,22 <+« and so, upon rounding
X(2)=28.
This is equivalent to using

el(z)=29.4e0 rather then Ex(z)=30€o'

Now
x,=(/Z98 + /T38)/(/29.8 + /T35 + /B0)
=X(3)/128
and so
X(3)=88

59




QEL%)
135 g,
60¢,
30¢,
€
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a T (em)

Fiqure B-3. Permittivity and conductivity profiles for a three-layer medium.




and
X(4)=128,
Since

X(4)-X(3)>32
X(3)-X(2)>32

two additional layers need to bhe inserted into the medium, (Note that if
N=64, no additional layers are needed.) Hence, set

B X(1)=0
X(2)=28
X{3)=60
X(4)=88
X(5)=108
X(6)=128.

Now

C(1)=/29.3
C(2)=v135729.3
C(3)=1.0
C(4)=vy80/135
c(5)=1.0
C(6)=/1760.

The only nonzero functions to be entered into subroutine EVAL are

BL(x)=-(1.0)2/(29.4¢ )

B2(x)=B3(x)=~(0.1)2/(135¢,)

B4(x)=85(x)=-(0.5)2/(6050)




A 1000-MHz sinusoidal incident field of duration 20 ns is used. Thus,
i -9
E (-t)=sin(mt)-He(20-10 ~t)

9
where w=27-10" and He is the Heaviside function. Since t=t/f, it follows
that the incident field to be used in INCWAV is

UINC(t)=sin(-wtt).
Now the 1 step size is
At=2H=1/64

so it follows that the t step size is

At=2/64=,01291 ns. t

The period of the incident signal is 1 ns which corresponds to approximately

77.5 at. In light of this the incident signal was modified so that its period

was an even multiple of aAt. (This modification is not at all necessary and

was performed solely to make numbers turn out "nice.”) The period of Ei was 4
lengthened to 78 At which corresponds to a 993-MHz sfignal. Then UINC can be

written

UINC(t)=sin(-w+1/(78H)).

(See Section IX for a source listing of INCWAV for this particular field.)

The duration of this new incident field was lengthened to 20.13951 ns so
3 that 20 cycles would still be considered. Thus, ITM should be at least 1560
so that signal cutoff is observed. It was decided to print out the entire
interior field every half period, so IFRQ was set equal to 39 and ITM was cho-
sen to be 1950, Setting ISCAT=1 and IOPT=0, the scattered and internal fields
were put onto disk storage. These fields were then graphed using the routine
given in Section X.
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The above results indicate that steady state was essentially attained
after six periods of the incident field; i.e., after 468 Ar intervals. It was
then decided to search for the maximum intensity occurring at each grid point
during the passing of the transient field (first 6 cycles) and during steady
state. 1nus, HATS was run a second time, with IFRQ=1, ITM=468, ISCAT=0, and
IOPT=0 and with the modified subroutine PRNT given in Section XI. To deter-
mine the maximum steady state intensities, HATS was run with IFRO=780 and
ITM=858. Upon the first call to PRNT using PRNT(4), the value of IFR0 was
changed to 1 so that the entire period was examined in as much detail as pos-
sible. Results from these runs were plotted on the same set of axes.

From these plots it was observed that two points in the medium (one in
the first layer, one in the third) had a considerably stronger transient field
than steady field. Thus, a fourth run of HATS was made 1looking at the
detailed time behavior at these points as well as at a point in the second
layer which seemed to have almost no difference in transient vs. steady state
intensity. Thus, three more plots were generated with the parameters used in
HATS being IFRQ=3; ITM=1950; ISCAT=0; IOPT=1; NOBPTS=3; and 1X=20, 32, 92.

For the sake of interest this entire procedure was pursued a second time
for a nonconducting medium. This was achieved by setting Bl(x)=B2{z)=...
=B5(x)=0.

Finally, so that the internal reflections in the medium in the non-
conducting case could be observed, a triangular incident spike field was used:

UI(1)=0

U1(2)=0.5
UI(3)=1.0
UI(4)=0.5
UI(5)=UI(6)=¢++=0.

Plots of all output appear in Section XII.

T A T T T AR TR A e




IX. SOURCE LISTING OF INCWAV FOR FIELD OF FINITE DURATION

le SUBRCUTINE INCwAvV
2e CoeoeovnveseceINSERT FUNCTION STATEMENT FCGR INCIDENT FIELD
3. JINC(X) = SINC = Pl = x / (78. & K) )
‘! 4o Coevseeoccvsee
: Se CC MMGN /BLOCKI/H.NL-NTGP'NPTL(5,olFROQITMQITOISCATOIDPT
Ge COMMON /aLUCKS/BUFF(ZZOl)oUl(ZOOl)-J(zool)QJH(ZOOI)
Te 2] = 3.1415927
8e H2 = H * 26
Fe ITMl = [TM «+ 1}
10 OC 10 J = 1e 1ITM)
11le JI(J) = 0.
120 10 COUNTINUE é
13. DO 20 J = 2, 39
14, X = = (4 = 1) & H2
1Se UI(J) = UINCIX)
16 UI(39 + J) = = UltJ)
17 20 CONTI]INUE
13 DC 40 J = 2+ 20
19. JC = (J - 1) % 78
20. 00 30 I = 2, 78
21e ul(Jc « 1) = Ul(1)
22, 30 CONTINUE
23. 40 CONTIN
24 . RETURN
2s. END |
| X. SOURCE LISTING OF A PLOTTING ROUTINE
le DIMENSICN X(153)+A1(2100)+A2(E5)+A2(2200),U(153)
2 DIMENSION XO(Z).XI(2)0&2(2)0X3(2).XO(Z)oUO(Z)'Ul(Z)oJZ(Z).
3. ) U3(2).Ua(2)
4o READ (8,2000) Ne NLes IFRQe [TM
Se N =N/ 2
Ge HZ2 = le /7 N
Te NPL = N ¢ 1
Se N2 = N s 2
e N21 = N2 ¢+ 1
10. MN = N = 3 ¢+ 1
11 DO 10 1 2 1¢ MN
12¢ X(I) = -1, ¢ (1 - 1) % H2
13. 10 CONTINUE
14, DO 20 { = 14 N
15. A1(I) = Q. i
16 20 CONTINUE
17« DG 30 1 = 1, N2
18, A3(1) = 0.
19« 30 CONTINUE
20, ITME = 1T ¢+ )
2le L s ITM, + N2
22 READ (8,1500) (A3(1)s 1 = N21., L)
23. L s [TML + N
24, READ (8,1500) (Al(1)e 1 = NP1, L)
2%5. CoecosconseosESTABLISH ARRAYS TO BE USED IN GRAPHING SUUNDARIES OF
26e CoeooscscscossoeecAYERS AND HORIZONTAL AXIS
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A e

A o 7. = A 1

27
28.
29
30.
3l
32.
33.
34,
3Se
36.
37.
38.
39.
40
4]1.
a2.
43
844 4
4S .
46.
a7.
48
494
SO0
Sl
52.
S3e
s‘.
S5.
S
S7.
S3.
53 .
€0,
61‘
62
63
64e
65.
66.
67
63
6%
70.
Tle

xX0t1)
X0(2)
x1(1)
X14(2)
X2(1)
X222
X3¢1)
X3¢2)
X4(1)
Xa(2)
vo(1)
Jvo(2j
ui(l)
ul1t2)
ya(l)
use (2}
DD 100
READ (8,
READ (8,
OC 40 1
Uil) = A
U(N2 + [
40 CONTINUE
DO 50 1
U(N + 1)
30 CONTINUE

CooecococeeTHE

C......‘......
C..O...II.CPLO
CALL GRA

l 1]

2 1
c.l........pLC
CALL GRA

CALL 3RA

CALL GRAPHS (2+ X244 Ule Os &4 °

CALL SR~A

C...'..‘.“DLD

CALL GRA

100 CONTINUE
STOP

1500 FORMAT (

2000 FORMAT (

6000 FORMAT (
END

Oe
Xo0¢1)
«2187S
Xi¢1)
« 6875
x211)
10
xX3(1)
-le
2
-1e2
le2
- ?5
7?5
Oe
Qe
IT = IFRQs [ITM, IFRQ
8000) K
1500) (A2(I)s 1 = 1+ NP1}
= 1+ NP1!
1(IT + I)
) = A3(NPL + IT - 1 + 1)

1, NP1
A2( 1)

([}

ARRAY U NOw CONTAINS THE REFLECTED. INTERNAL AND
+ TRANSMITTED FIZLDS AT TIME TAUY = IT ® 2 x
T ARRAY U
PH (MNe KXo Ue O+ 2 6601l 400106509 ~10se600=142,
NGRMAL IZED DEPTH:I*» *NCRMALIZED INTENSITYS*,
v, v
T VERTICAL LINES SHOWING POSITICN OF LAYZRS
PHS (2» X049 UQe D 44 ')
OHS (Zs X1y Ul, Qe 4« "3%)
')
OHS (2+¢ X34 UOs 0s &+ *3*)
T HORIZCNTAL AXI3 AT ZERC INTENSITY
PHS (25 X4, Jss 09 &4 *3')

4 or we

8E10+3)
415)
113)

65




r——-—————————————-———mM—.

XI. SEARCHING FOR MAXIMUM INTENSITY

The following source 1isting is a modification of subroutine PRNT used to search
the program output for maximum intensity.

le SUBRLCUTINE PRNTI(K)

2e INTEGER x

Se COMMON /BLAOCKI/ZHeNL yNTGP o NPTLIS) « IFRQITMITISCAT .IDPT

Se COMMON /3L0CK2/A(33),3(33),AP{33)eBP(33),DT(33)sAHI33)eBH(23,,
Se 1 ADM(3I3) «3PH(33) sOTH(33) +A1(33)¢81(33),0T1(33),
Se 2 OB (33)+EBI(33)eAR(SI«AL(S) +BR(S5)«BL (5]

T e COCMMON /3LECK3/X(6)+CL6).0P1(33):DPB1I(33).EAMB(5:33)+EAPB(S,33),
Be 1 QOLD(ZE3)+sONEW(33) o XP(S5+129)eXM(5,129) +YP(5,128)
e 2 YM{S54:129)+XPC{S) e XMC(S)+YPC{S5).YMC(S)+APBI(S),
10 3 AMBI(S) 4P(5+2+33,33)

1le COMMON /38LOCKA/JVIS5416)+JW(5+16)sSVIS+16)¢SH(S5:16),V(5.2001+2)
12 1 W{5:12942)+VS5(125:s2)ew5(129.2)

13 COLMMON /BLOCKS/BUFF(2201),UI(2001).U(2001)sUR(2001)

14. DIMENSION EMAX(129),ITIME(129)

15, IF (K = 2) le 2+ SO

16 1 CONTINUE

17, CoeveecsneceePRINT QUT INPUT CATA FROM LINES 1. 2. 3

18. N = NTGP -1

19 WRITE (6.2000) Ne NL., IFRQe ITM, ISCAT, JOPT, (X(I)s I = 1+ NL)

20 WRITE (6+3000) (C{I)s]l = 14 NL)

21l Cc wRITE (8.,2000) Ne NLo IFRQ, ITM

22. RE TURN

23. 2 CONTINUE

24« RETURN

2S5 S0 CONTINUE

20 IF (K - &) 3y 8, 60

27 3 CONTINUE

28. CococcceeeesPRINT INCIODENTe REFLECTED AND TRANSMITTED FIELDS IF iSCAT = |

29 IF (ISCAT .EQ. 0) RETURN

30. ITML = [TM + |

31. WRITE (6,5000)

32. WRITE (6+1000) (UICI)el = 1, ITM1)

23. WRITE (6.5100)

34, WRITE (6+1000) (UR(1)eI = 1, ITM1)

2S5. WRITE (6.5200)

36. WRITE (6.1000) (VINLsIosl)el = 1o ITM1)

37« [ WRITE (8,1500) {V(NLelosl)e]l = 1, ITM1)

28, C WRITE (8,1500) (UR(T)eI = 1, JTM1)

29, RETURN

40, 4 CONTINUE

41e CevocoveceeSEARCH FOR MAXIMUM INTENSITY AT EACH GRID POINT AND RECCRD

42. CevossevscsccvnonceTHE TIME AT WHICH IT OCCURS

a3, IF (1TeGTSIFKQ) GO TO 110

44, DO 100 I = Lty NTGP, 2

45, EMAX(I) = Q.

464 100 CONTINUE

a7, 110 CONTINUE

48, 00 120 I = 1y, NTGP, 2

49, ABSVY = A8S§ U(I) )

€92 IF (ABSV.LT.EMAX(1)) GO TO 120

Sle. EMAX{I) = A8SY

€2, ITIME(I) = IT

S3e. 120 CONTINUE

Sae [F (ITelTaITM) RETURN

€5, WRITE (6.,1500) ({EMAX(I)el = 1+ NTGDP, 2)

€6 WRITE (6.5000)

37. WRITE (6.9000) (ITIME(I)sI = Lo NTGP. 2)

58 C WRITE (8,1500) (EMAX(I)ef = 1¢ NTGP, 2)

3. C wWRITE (8.9000) (ITIME(I)sl = te NTGR. 2)

€Qe RETURN
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él.
€2
63
64
65
66,
67«
68e
69
70
- 710
?' 72.
: 73
Tae
7Se
76
77
78.
79,
80
al.
82.
€3
B4 o
8Se
86

60 CONTIN
IF (K

IMAX =
WRITE
WRITE
WRITE
WRITE
RETURN
6 CONTIN
WRITE
RETURN
1000 FORMAT
1500 FORMAT
2C00 FUORMAT
3C00 FOFMAT
4000 FORMAT
5C00 FORMAT
5100 FORMAT
S200 FORMAT
6000 FORMAT
7000 FORMAT
8000 FORMAT
9000 FDRMAT
END

VE

- 6) 5¢ 0y ©

5 CONTINUE

CeeosncaecasePRINT FIELD AT POSITION X = IT = H FOR TIMES
CoevvcecscecceceTAY = IT = Hy (IT + IFRC = 2) % He eee

1 + (ITM - (1T 7 2) ) 7/ IFRQ
(6+8000) IT

(6+.1000) (UCI)el = 1e IMAX)
(8+.6000) 7T

(8+,1800) (UlI)el = 1, IMAX)

UE
(6+4000)

(1Xs8E103)

(8E10.3)

(61S5¢/+615)

(6E12.5)

(/77¢1X«8HF INISHED)

(/777+1Xs13HINCIDENT FIELD/)

(/771X 1SHREFLECTED FIELD./)
(/7/77+1X+17THTRANSMITTED FIELD./)

(110)

(/777 +1%Xe29HINTERNAL FIELD AT TIME TAU = +110e8H * 2 & Ny/)
(//77e1X+21HFIELD AT O0SITION X =,11058H % He/)
(8110)
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XIT. PLOTS FROM SAMPLE PROGRAMS

Internal, reflected, and transmitted fields for mediums with nonzero and zero
conductivity., Incident field is 100N-MHz pulse of duration 20 ns, impinqing
on the medium from the left at time t=0.

Nonzero conductivity Zero conductivity
t=6 ns Figure A-4 Figure A-10
t=21 ns " A-5 A1

Comparison of transient and steady state intensities in mediums with nonzero
and zero conductivity. Incident field is 1000-MHz pulse.

Nonzero conductivity Zero conductivity

Figure A-6 Figure A-12

Interna)l fields, nonzero and zero conductivity.

Nonzero conductivity Zero conductivity
x=,15625 Figure A-7 Figure A-13
x=.25 " A-8 " A-14
x=,71875 “*  A-9 " A-15

Reflected and internal fields, zero conductivity, spike incident field.

t=.181 ns Figure A-16
t=.361 ns " A-17
t=.542 ns " A-18

t=.723 ns " A-19
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Figure B-4. Internal, reflected, and transmitted fields for a medium with
nonzero conductivity, time t=6 ns. Incident field is 1000-MHz
pulse of 20-ns duration, impinging on the medium from the left at

time t=0.
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Figure B-5. Internal, reflected, and transmitted fields for a medium with
nonzero conductivity, time t=21 ns. Incident field is 1000-MHz
pulse of 20-ns duration, impinging on the medium from the left at
time t=0.
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Figure B-6. Comparison of transient and steady state intensities in a medium
with nonzero conductivity. Incident field is 1000-MHz pulse.
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Figure B-10. Internal, reflected, and transmitted fields for a medium with
zero conductivity, time t=6 ns. Incident field is 1000-MHz

pulse of 20-ns duration, impinging on the medium from the left
at time t=0.
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Figure B-11. Internal, reflected, and transmitted fields for a medium with ’
zero conductivity, time t=21 ns. Incident field is 1000-MHz E

pulse of 20-ns duration, impinging on the medium from the left
at time t=0.
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Comparison of transient and steady state intensities in a medium
with zero conductivity. Incident field is 1000-MHz pulse.
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Fiqure B-16. Reflected and internal fields (t=.181 ns), zero conductivity,
spike incident field.
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Figure B-17. Reflected and internal fields (t=.361 ns), zero conductivity,
spike incident field.
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Figure B-18. Reflected and internal fields (t=.542 ns), zero conductivity,
spike incident field.
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Figure B-19. Reflected and internal fields (t=.723 ns), zero conductivity,
spike incident field.
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